Changes of interstitial fluid adenosine concen trations and effects of O2 supply on interstitial fluid aden osine were studied by the brain dialysis technique in the frontal cortex of newborn piglets subjected to bicucul line-induced seizures. The O2 supply was changed glo bally by changing MABP and locally by varying P02 in the artificial CSF perfusing the dialysis cannula. Sagittal sinus blood flow (SSBF), cerebrovascular resistance (CVR), and CMR02 were also examined in the same an imals. Seizures increased interstitial fluid adenosine 7.9fold (p < 0. 05) when ictal MABP was maintained at preictal level and perfusate P02 was 24 mm Hg (group 1, n = 6). Interstitial fluid adenosine increased 11. 8-fold (p < 0.05) during seizures associated with moderate sys temic hypotension and the low perfusate P02 (group 2, n Abbreviations used: CaOZ' oxygen content of arterial blood; Cvoz, oxygen content of sagittal sinus blood; CMROz, cerebral metabolic rate of oxygen; CVR, cerebral vascular resistance; HPLC, high performance liquid chromatography.
Seizures induced by bicuculline increase CBF in neonatal and adult animals (Meldrum and Nilsson, 1976; Young et al. , 1984; Clozel et al. , 1985) . Al though the precise mechanism for the increase in CBF during seizures remains unknown, the in crease has been partly attributed to cerebral vaso dilation mediated by local chemical factors (Heuser, 1978; Leniger-Follert, 1984) . One of the proposed chemical factors linked to the increase in CBF during seizures is adenosine (Schrader et al. , 1980; Winn et al. , 1980) . Two lines of evidence sup port the possible role of adenosine in increasing CBF during seizures. First, topically applied aden-= 6). By contrast, seizures increased interstitial fluid adenosine three-fold (p < 0. 05) when perfusate P02 was increased to 182 mm Hg and ictal MABP was maintained at preictal level (group 3, n = 8). When ictal MABP was elevated from the pre ictal level and the perfusate was rich in oxygen, seizures failed to increase interstitial fluid adenosine (group 4, n = 7). In groups 1 and 3, the in crease in interstitial fluid adenosine during seizures was associated with significant increases in SSBF and CMR02, as well as significant decreases in CVR. These data suggest that the increase in O2 supply during sei zures in piglets did not match completely the increase in O2 demand and resulted in enhanced release of adenosine into the interstitial space. Key Words: Adenosine-Cere bral blood flow-Neonatal piglet.
osine caused an exponential dilator response of the pial arterioles when exposed to increasing concen trations of adenosine from 10-9 to 10-3 M (Morii et al. , 1986) . Second, brain interstitial adenosine con centrations estimated from measurements of tissue adenosine content during seizures may be within the vasodilatory range (Schrader et al. , 1980; Winn et al. , 1980) . Recent information, however, indicates that a significant fraction of adenosine is bound tightly to S-adenosyl homocysteine hydrolase and remains intracellular (Ueland and Saeb\2l, 1979) . Since the tissue adenosine content is a sum of intracellular and interstitial adenosine, measurement of tissue adenosine levels does not permit accurate calcula tion of concentrations of free adenosine in contact with blood vessels in the interstitial space. Direct measurement of brain interstitial adenosine level is thus essential to determine the ro i e of adenosine in regulating CBF during seizures.
Whether the changes in brain adenosine with sei zures observed in the adult occurs similarly in the neonate is unknown. To determine whether adeno sine plays a role in the regulation of CBF in the neonate during seizures, the brain interstitial fluid adenosine concentration and sagittal sinus blood flow in neonatal piglets during bicuculline-induced seizures were directly measured. In addition, the effect of changes in oxygen supply during seizures on the brain interstitial fluid adenosine level were studied.
METHODS

General preparation
Piglets under 7 days of age and weighing 0.7 to 2.2 kg were anesthetized with ketamine hydrochloride (initial dose, 25 mg/kg; supplemented dosages, 10 mg/kg/h, i.m.), tracheotomized, paralyzed (with pancronium bromide, 1 mg/kg, i.m.), and mechanically ventilated with room air and Oz. The inspired Oz and end-tidal CO2 were con stantly monitored. Catheters were placed in the femoral arteries to record MABP (Gould Brush 260) and to draw samples for blood gas analysis (Corning 158 pH/blood gas analyzer). Catheters were also placed in the femoral veins; one for administration of bicuculline (Sigma Chem ical Co., St. Louis, MO), the other for infusion of blood from a reservoir prepared for measurement of sagittal sinus blood flow. Oxygen content of arterial blood (CaOZ) and sagittal sinus blood (Cy02) were measured by a CO Oximeter (Instrumentation Laboratories, model 282). EEG was recorded from scalp stainless steel electrodes (Gould Brush 260). Rectal temperature was maintained at 39 ± 0.5°C by external heating.
Measurement of interstitial fluid adenosine nucleoside
Interstitial fluid adenosine, inosine, and hypoxanthine were measured using the brain dialysis technique (Yan Wylen et aI., 1986; Park et aI., 1987) . The cannulas were implanted 15 mm deep from the surface of the frontal cortex, 3 mm lateral to the midline, and 2 mm posterior to the anterior rim of the orbit. In all experiments, the can nulas were perfused with artificial CSF at a perfusion rate of 2 /-Ll!min. Effluent was collected directly to preweighed plastic vials and weighed to determine the perfusate volume collected. However, composition of artificial CSF was varied in the different animal groups. In groups 1 and 2, artificial CSF consisted of NaCI 132.8 mM, KCl 3.0 mM, CaCI2 2.0 mM, MgCI2 0.7 mM,NaHC03 24.6 mM, urea 6.7 mM, and glucose 3.7 mM. The CSF was bubbled with 95% N2/5% N2/C02 to achieve pH 7.30 ± 0.03, P02 24.5 ± 2.0 mm Hg, and PC02 42.1 ± 1.7 mm Hg. The CSF was then rapidly aspirated into a 1-ml Ham ilton syringe connected to a silica tube (Anspec Co., Ann Arbor, MI, U.S.A.). One end of the silica was in turn connected to an inflow silica tube of the dialysis cannula. Since the silica tube is impermeable to gas, the entire system used to infuse the CSF was airtight. By contrast, the artificial CSF in groups 3 and 4 was not bubbled with the gas. POz and PCOz of the CSF were equilibrated with atmospheric pressure (P02 �181.7 ± 1.8 mm Hg; PC02 �5.7 ± 0.1 mm Hg in the CSF). The concentration of NaHC03 in the CSF was reduced to 2.4 mM to bring pH to 7.39 ± 0.02. The CSF was infused from a I-ml Ham ilton syringe to the dialysis cannula via a plastic tubing.
J Cereb Blood Flow Metab, Vol. 7, No.5, 1987 Adenosine, inosine, and hypoxanthine were assayed by high performance liquid chromatography (HPLC) (Beckman 114 M pump, Model 160 absorbance detector) as previously described (Yan Wylen et aI., 1986) .
Measurement of sagittal sinus blood flow
To continuously measure sagittal sinus blood flow, the venous outflow technique (Traystman and Rapela, 1975) was used. After heparin (500 U/kg, i.v.) was adminis tered, a 2-mm diameter catheter (Tycon tube) was in serted into the sagittal sinus at the level of the coronal suture. From the sagittal sinus, blood passed through the outflow tube and a cannulating probe of an ultrasonic blood flowmeter (Transonic System Inc., Ithaca, NY, U.S.A.) into a reservoir open to the atmospheric pres sure. Blood was then infused from the reservoir to the animal via the femoral vein by a roller pump. Sagittal sinus outflow pressures were measured upstream to the flow probe outside the sagittal sinus and always main tained at <2 mm Hg. The tip of the outflow tube was set at the level of the right atrium, and the sagittal sinus out flow pressure and MABP were also referred to the right atrium.
Because modifications of the original venous outflow technique were made to measure sagittal sinus blood flow in piglets, hemodynamic tests of Tr aystman and Rapela (1975) were carried out in each animal to verify our tech nique. The first hemodynmaic test involved simultaneous occlusion of both internal jugular veins and measurement of changes in the sagittal sinus outflow following the oc clusion. In all animals, jugular vein occlusion produced no discernible effect on the sagittal sinus outflow. The second test consisted of occluding the sagittal sinus out flow tube while monitoring the outflow pressure. The oc clusion of the sagittal sinus outflow tube resulted in an immediate rise of the pressure to over 20 mm Hg, and the pressure remained elevated and stable as long as the tube was occluded. After the occluded tube was reopened, the sagittal sinus outflow and the outflow pressure returned rapidly to control levels. These findings are similar to those observed in the adult dog (Traystman and Rapela, 1975) and indicate that sagittal sinus blood flow as mea sured in the piglet in the present study was not signifi cantly contaminated with venous blood from extracranial sources and that all venous blood draining from the ante rior sagittal sinus passed through the outflow tube. The ultrasonic blood flowmeter as used in the present study has been shown to provide accurate and reliable mea surement of blood flow in peripheral vessels (Barnes et aI., 1983) .
Cerebral perfusion pressure was estimated as MABP minus sagittal sinus outflow pressure. Cerebral vascular resistance (CY R) was calculated by dividing cerebral perfusion pressure by sagittal sinus blood flow. CMR02 was obtained by multiplying sagittal sinus blood flow and cerebral arteriovenous O2 content difference. Cerebral O2 delivery was calculated as the product of sagittal sinus blood flow times arterial oxygen content. Cerebral frac tional O2 extraction is the ratio of CMR02 to cerebral Oz delivery.
Experimental protocol
In group 1 (n = 6), 1.5 h were allowed to elapse after dialysis cannula placement before brain dialysis or mea surement of the blood flow was started. This waiting pe riod was chosen because the piglet adenosine concentra-tion in the dialysate is high immediately after cannula placement and reaches a plateau of � 1 h (Park et aI., 1987) . A few minutes after the l.5 h, preparation for mea surement of the sagittal sinus blood flow was completed, perfusion of artificial CSF through the cannula was started. To obtain a preictal sample, perfusate was col lected for 15 min. Seizures were induced by administra tion of bicuculline while arterial blood (15-20 ml) was slowly withdrawn to prevent MABP from rising at the onset of seizures. Seizures were sustained for at least 10 min by continuous infusion of bicuculline (4 mg/kg, i. v.). MABP during seizure was maintained at the pre ictal level by manual withdrawal or infusion of the blood. During the ictal period, perfusate was collected for 10 min. For collection of postictal sample, 10 min were allowed to elapse after the seizures ceased before a 15-min postictal sample was collected.
The protocol for group 2 (n = 6) was the same as that for group I except that animals in group 2 were subjected to systemic hypotension during seizures. Arterial blood (30-40 ml) was slowly withdrawn while bicuculline was administered. In this way, MABP fell gradually to the lowest MABP at which seizure activity was still apparent on the electroencephalogram. This level of MABP was maintained for 10 min of seizures.
In group 3 (n = 8), perfusion of artificial CSF was started immediately after cannula placement and con tinued during the waiting period of 1.5 h. The rationale for this protocol was to perfuse artificial CSF with a high P02 through the cannula for a prolonged period so that, prior to induction of seizures, tissue in the vicinity of the cannula became fully saturated with O2, Measurement of the sagittal sinus blood flow was made 1.5 h after the cannula placement. A preictal sample was then collected for 15 min, and an ictal sample was collected for 10 min. MABP during seizures was maintained at the preictal level.
In experiments in group 4 (n = 7), MABP was allowed to rise with the onset of seizures and the elevated MABP was maintained during the seizures. The remainder of the protocol was the same as that for group 3.
Statistical analysis
Student's t tests for paired data were used to compare values during control and seizures in the same group. Student's t tests with a Bonferroni correction were used to make comparisons of the percentage of increases in adenosine with seizures between different groups. A value of p < 0.05 was considered to be significant.
RESULTS
Hemodynamic parameters
Ta ble 1 illustrates the MABP and blood gases in all four groups. In groups 1 and 3, the ictal MABP remained unchanged from the pre ictal level. In groups 2 and 4, there were significant changes in MABP after the onset of seizures. Cyo2 fell signifi cantly during seizures in group 2, whose Cao2 showed no changes. All groups showed a trend to ward increases in Pao2 and decreases in Paco2 during seizures. In group 1, pH declined signifi cantly after seizures.
Cerebral hemodynamic parameters are illus trated in Ta ble 2. The steady-state sagittal sinus blood flow represents � 30% of the total CBF in normal neonatal piglet (Flecknell et aI., 1983) . In group 1, seizures produced an increase in sagittal sinus blood flow by 63% and a decrease in CYR by 37% . Associated with these changes was a rise of CMR02 by 63% and cerebral oxygen delivery by 61 %. Fractional cerebral oxygen extraction re mained essentially unchanged during ictus despite significant increases in CMR02 and cerebral ox ygen delivery. After seizures ceased, all parameters showed movement toward control levels. Animals in group 2 whose MABP was lowered during sei zures showed no significant changes in sagittal sinus blood flow or CMR02 during seizures, whereas their corresponding CYR fell significantly. Cerebral oxygen delivery decreased with seizures, whereas fractional oxygen extraction increased.
In group 3, sagittal sinus blood flow and CMR02 significantly increased and CYR significantly de creased with seizures. The increase in cerebral ox ygen delivery with seizures was not significant. In group 4, sagittal sinus blood flow rose 51% during the ictal period. This elevation of sagittal sinus blood flow was associated with a concomitant rise of CMR02 and cerebral oxygen del ivery by 63% and 74% , respectively. CYR and fractional oxygen extraction remained essentially unchanged.
Adenosine, inosine, and hypoxanthine
Prior to the onset of seizures, adenosine concen trations were similar in all four groups of animals. During seizures, adenosine concentration rose 7.9fold when the ictal MABP was maintained at the pre ictal level and artificial CSF had a P02 of 25 mm Hg (group 1). After seizures ceased, the adenosine fell to prcictal level. When MABP was lowered during seizures in conjunction with a low artificial CSF P02, seizures elevated perfusate adenosine concentration 11.8-fold (group 2). Despite the greater increase of adenosine in group 2 as com pared to group I, the difference in the percentage of increases in adenosine with seizures between the two groups was not significant.
By contrast, adenosine concentration rose only three-fold when the ictal MABP was close to the pre ictal level and artificial CSF contained a high P02 (group 3). Percentage increases in adenosine with seizures were significantly different from those of group 1 (p < 0.05), indicating that the high P02 in artificial CSF caused attenuation of the in crease in interstitial fluid adenosine. The adenosine concentration remained essentially unchanged during seizures in animals in which MABP was kept elevated during seizures and artificial CSF was infused through the cannula had a high P02 (group 4). A comparison of the percentage in creases in adenosine with seizures between group 1 and 4 revealed statistically significant differences (p < 0. 01). Thus, these results suggest that elevation of MABP combined with a high P02 in artificial CSF was responsible for attenuation of the increase in adenosine during seizures. Brain dialysis at a perfusion rate of 2 fLlImin in vitro yielded 20% recovery for adenosine (Van Wylen, et aI., 1986) . On the basis of the data, we estimated the in vivo interstitial fluid adenosine concentrations before and during seizures in the four groups (Fig. O. In all groups, elevation of inosine level occurred during seizures (Table 3) . Hypoxanthine level also rose, and the increases reached statistical signifi cance in groups 2, 3, and 4 (Table 3 ). In vitro per centage of recovery for inosine and hypoxanthine at a perfusion rate of 2 fLl/min were 17 and 24%, respectively (Van Wylen et aI., 1986) . Thus, esti mates of preictal interstitial fluid inosine concentra tions in vivo of all groups were 2.26-3 .36 fJ.M, whereas ictal concentrations were 5.7-10.9 fJ.M. Corresponding hypoxanthine concentrations were 11. 1-21. 2 fLM and 17. 8-29.4 flU, respectively.
DISCUSSION
This study indicates that in neonatal piglets, bi cuculline seizures elevate cerebral interstitial fluid adenosine levels, and this elevation of adenosine is related to the exogenous oxygen supplied to the brain. In addition, the increase in interstitial fluid adenosine was accompanied by an increase in sag ittal sinus blood flow and CMR02 and a decrease in CVR.
The sagittal sinus blood flow primarily represents cortical blood flow (Meldrum and Nilsson, 1976) , and in this experiment, it may represent cortical bl ood fl ow of the frontal lobes near the midline. Because the area of the brain covered by measure ment of sinus blood flow is much larger than the area sampled by brain dialysis, changes in adeno sine concentration may not be directly correlated with changes in sagittal sinus blood flow. Neverthe less, this technique in contrast to autoradiography or microsphere injection permits continuous moni toring of CBF without exposing animals to repeated interventions. Additionally, the latter method un derestimates CBF during bicuculline seizures (Horton et a!., 1980) . In neonatal pigs and dogs (Young et a!. , 1984; Clozel et a!. , 1985) , bicuculline seizures produced heterogeneous increases in regional CBF, but the average increases are much less in the neonate than in adul t animals of other species (Meldrum and Nilsson, 1976; Ta maki et a!., 1986) . Changes in CMR02 and oxygen delivery with bicuculline sei zures have not been reported in the neonate. The relatively unimpressive changes in CMR02 and ox ygen delivery during seizures observed in piglets are parallel to the ictal changes in CBF.
The increase in interstitial fluid adenosine level s with bicuculline seizures seen in piglets is conso nant with the increase. in tissue adenosine content observed in response to chemical seizures or elec trical stimulation (Pull and McIlwain, 1972; Rubio et al., 1975; Schultz and Lowenstein, 1978; Schrader et al., 1980; Winn et al., 1980) . Bicucul line seizures in rats produced a 4.6-fold increase in brain adenosine content (Winn et al., 1980) . The in crease occurred at 10 s of seizures and persisted during the 2 min of seizure. A rapid elevation of adenosine content was also found in cerebral cortex of cats with seizures; the adenosine content re mained elevated at 20 min of seizures (Schrader et al., 1980) . In these studies, the maximum brain adenosine contents measured during seizures in rats and cats were 2.54 and 13.34 nmollg wet tissue, respectively. Assuming that adenosine in the brain is present exclusively in the interstitial space, inter stitial adenosine concentrations during seizures are estimated to be as high as 12.7 fLM in rats and 66.7 fLM in cats, values that are much higher than those found in piglets. However, the low ictal interstitial fluid adenosine level in piglets is expected, because piglets have lower resting-state interstitial adeno sine levels (Park et al., 1987) and, as shown in the present study, their CBF and CMROz increases less than those of adults during seizures (Meldrum and Nilsson, 1976) .
The brain dialysis technique not only permits re moval of endogenous substances from the intersti tial space, but also permits the delivery of exoge nous substances to the same area (U ngerstedt, 1984) . Perfusion of high potassium (80 mM) through the dialysis cannula resulted in diffusion of potas sium into neural tissue, which enhanced the release of adenosine (Van Wylen et al., 1986) .
With respect to oxy gen, brain tissue POz in adults is normally much lower than in neonates [e.g., between 1 and 70 mm Hg (mean, 24.5 mm Hg) in cats (Leniger-Follert, 1984) ]. Because the piglet has a significantly lower arterial POz than eaes the cat, piglet brain tissue POz is also ex pected to be low. Therefore, it is likely that perfu sion of artificial CSF with a POz of 182 mm Hg for 1.5 h (groups 3 and 4) resulted in abnormally high POz in the tissue surrounding the dialysis cannula. The use of artificial CSF with a POz of 25 mm Hg (groups 1 and 2) would prevent the saturation of tissue with Oz.
The effect of an additional supply of Oz on the ictal interstitial fluid adenosine levels found in the present study is not surprising. Ingvar and Siesjo (1983) provided evidence that a significant mis match between CBF and metabolism occurs in rats subjected to sustained bicuculline seizures for 20 min. In another study, a gradual decline of tissue POz occurred during sustained seizures (lngvar et al., 1962) . Available information indicates that the mismatch may also occur in neonatal animals (Was- Vol. 7, No.5, 1987 terlain et al., 1983 . Results of our study support the concept that, in piglets, a supply of exogenous Oz to the frontal cortex in the vicinity of the dialysis cannula improves the relative oxygen deprivation associated with seizures and hence attenuates the increase in the interstitial fluid adenosine levels during seizures.
In adult cats, vasodilation of pial vessels induced by adenosine was significantly reduced by 6 mM potassium and completely attenuated with 10 mM potassium (Wahl and Kuschinsky, 1977) . Also, the vasodilator action of adenosine was attenuated when pH in the vicinity of pial vessels was lowered to 6.8 (Kuschinsky et al., 1972; Wahl and Kus chinsky, 1977) . During seizures, extracellular po tassium that rose to 10 mM temporally paralleled the increase in CBF and decrease in extracellular pH (Leniger-Follert, 1984) .
It was found that at the onset of bicuculline sei zures the POz was higher than during the control periods (Leniger-Follert, 1984) . These observations led the investigator to suggest that adenosine play s no role in regulation of CBF during bicuculline sei zures (Leniger-Follert, 1984) . However, the data do not rule out the possible role of adenosine in regula tion of CBF during seizures. In the studies cited, pial arterioles, but not intraparenchymal arterioles, were examined, and extracellular potassium was measured in the superficial cortex of a very limited area of the brain. In contrast, interstitial adenosine in the deep frontal cortex was measured in this study. Because of the marked heterogeneity of CBF and metabolism associated with seizures (Ingvar and Siesjo, 1983) , it is inconceivable that the in crease in potassium and tissue P02 seen in the ear lier studies occurs in the same way in the remaining area of the brain. Moreover, the changes in extra cellular potassium observed during seizures may not reflect perivascular potassium (Winn et al., 1980) . The arterioles in the brain are surrounded by glial membranes (Maynard et al. , 1957) . Since glial cells serve as a spatial buffer for extracellular po tassium and actively control extracellular potas sium concentration (Orkland et al., 1966) , the peri vascular potassium concentration may remain stable despite a large increase in the extracellular concentrations. By contrast, the glial cell mem brane contains the most important enzyme (5-nu cleotidase) for production by dephosphorylation of AMP (Kreutzberg et aI., 1978) . It is therefore pos sible that, unlike potassium, perivascular adenosine concentration may be even higher than suggested by the results of this present study.
. At present, no information is available con cerning changes in potassium and pH and their ef-fects on CBF with bicuculline seizures in the neo nate. Similarly, dilator responses of cerebral vessels to adenosine at the developing stage are un known. Since CBF sensitivity to changes in PaCo2 is less pronounced in the neonate than in the adult (Rosenberg et aI., 1982) , changes in the local chem ical factors associated with seizures and reactivity of cerebral vessels to them may follow a similar pattern.
